The basement membrane, a thin extracellular matrix, plays a critical role in tissue development and repair. Laminins are the major component of basement membrane and have diverse biological activities. We have identified various cell-adhesive peptides from laminins and their specific cell surface receptors. Polysaccharides, including chitosan, have been used as scaffolds, which regulate cellular functions for tissue engineering. We have developed laminin-derived active peptide-chitosan matrices as functional scaffolds. The biological activity of the peptides was enhanced when the peptides were conjugated to a chitosan matrix, suggesting that the peptide-chitosan matrix approach has an advantage for an active biomaterial. Further, the laminin peptide-chitosan matrices have the potential to mimic the basement membrane and are useful for tissue engineering as an artificial basement membrane.
Introduction
Recently, cell-based biomaterials have been found to have therapeutic applications for tissue engineering [1] [2] [3] . Epithelial cells form sheet-like complexes in vivo with an underlying thin layer of extracellular matrix (ECM), known as the basement membrane (BM). These complexes are widely OPEN ACCESS distributed in the whole body and are an important part of the architecture of many tissues, such as skin, skeletal muscle, nerve, cornea, blood vessel and various glands ( Figure 1 ). In these tissues, epithelial cells adhere to the BMs via more than 20 types of cell surface receptors, including integrins, syndecans, α-dystroglycan and the immunoglobulin superfamily [4] [5] [6] . BM is comprised of at least four ECM components: type IV collagen, laminin, nidogen and perlecan. Laminin contributes to the biological functions of the BM and plays a critical role for both tissue development and regeneration. Perlecan, a BM proteoglycan, binds and regulates the activity of various growth factors in the BMs. Type IV collagen forms a network structure, and nidogen is a laminin-collagen linker protein. These components form a BM that serves as a functional scaffold for cell attachment and tissue development. Thus, BM provides both a dynamic and static environment for the cells and regulates cell proliferation, migration, differentiation and apoptosis. These activities suggest that optimal BM-mimicking biomaterials should retain biological functions for stimulating cell signaling and the physical functions of the scaffold [7] [8] [9] . Laminins, heterotrimeric glycoproteins, consist of α, β and γ chains. Laminins are the most important molecules of the BMs for cell adhesion. Through cell adhesion to the BMs, laminins promote diverse biological activities, including cell migration, differentiation, neurite outgrowth, tumor growth, tumor metastasis and angiogenesis [10, 11] . In vertebrates, five α chains (α1-α5), three β chains (β1-β3) and three γ chains (γ1-γ3) have been identified, and they comprise about 19 different laminin isoforms (laminin-111 to laminin-523) [10] [11] [12] . The name of the heterotrimer reflects the chain composition of α, β and γ chains. For example, laminin-523 consists of α5, β2 and γ3 chains. Each laminin isoform is specifically expressed in a tissue-and/or developmental stage-specific manner and promotes laminin isoform-specific functions in optimal situations. The specificity of the laminin α chains mainly contributes to the laminin isoform-specific biological functions. The laminin α1 chain is expressed in the early embryonic BM; the α2 chain is expressed in the BM around muscles and nerves; the α3 chain is localized in epithelial BM; the α4 chain is detected in both the endothelium and smooth muscle BM; and the α5 chain is expressed in diverse adult tissues and in the embryonic BM [13] [14] [15] [16] [17] [18] [19] .
The laminins interact with many types of cell surface receptors [11, 20, 21] . The major laminin-binding receptor is the integrin family. In total, seven types of integrin are identified as a laminin-binding receptors, and each integrin recognizes specific laminin isoforms. Laminins also bind to syndecans, membrane-associated heparan sulfate proteoglycan, via their heparan sulfate chains [22] [23] [24] [25] [26] . Additionally, α-dystroglycan binding to the laminin α1 and α2 chains and the Lutheran/basal cell adhesion molecule (Lu/BCAM) binding to the laminin α5 chain are identified as laminin isoform-specific receptors [12, [27] [28] [29] . These multiple and diverse cell surface receptors bind to the laminins in different ways depending on the laminin isoforms. Various receptor-specific binding sequences in laminins have been identified in studies using recombinant proteins and synthetic peptides [11, [30] [31] [32] [33] [34] [35] [36] . The regulation of these laminin-receptor interactions is important for many biological processes. For example, we previously identified about sixty cell-adhesive sequences from laminin-111 using 673 synthetic peptides covering the entire sequence. These active peptides promote various biological activities, including the promotion of cell spreading, cell differentiation, neurite outgrowth, angiogenesis and wound healing, and many of them bind to distinct cellular receptors [32] [33] [34] [35] 37, 38] .
Biologically-active scaffolds are important in tissue engineering. Several properties are required for an ideal scaffold, such as a suitable microstructure for the cell, mechanical strength and biocompatibility. So far, many natural polysaccharides, including alginate, cellulose, chitosan, hyaluronan and starch, have been studied for their ability to support the physical environment of the cells. Chitosan, a partially deacetylated chitin, is composed of (1-4)-2-acetoamido-2-deoxy-β-D-glucan (N-acetyl D-glucosamine) and (1-4)-2-amino-2-deoxy-β-D-glucan (D-glucosamine) units [39] [40] [41] . Chitosan is a biodegradable polysaccharide that has been used for medical applications, such as suture thread and artificial skin, to improve wound healing and to regenerate bones, cartilage, blood vessels and nerves [42] [43] [44] [45] [46] . Although the chitosan matrix adheres to tissues, it rarely shows cell attachment through either the growth factor receptors or the adsorbed fibronectin derived from serum [47, 48] . Various additions have been proposed, such as a chitosan-collagen (or gelatin) complex [42, 49] , a chitosan-laminin complex [50] , a chitosan-poly lysine complex [51] and cross-linking of cell-adhesive peptides [52, 53] , to improve the biological activities of the chitosan matrix. Previously, we conjugated laminin-derived cell-adhesive peptides to chitosan, alginate and hyaluronan matrices and examined their biological activities as functional scaffolds [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . For example, we conjugated the laminin α1 chain active peptides, AG73 (RKRLQVQLSIRT, mouse laminin α1 chain) and A99 (AGTFALRGDGNPQ, mouse laminin α1 chain), to a chitosan matrix [53] . AG73 binds to syndecan, and A99 binds to integrin αvβ3. The AG73-chitosan matrix promoted cell adhesion with membrane ruffling and neurite outgrowth, and the A99-chitosan matrix promoted cell spreading with well-organized actin stress fibers. Further, when the AG73 and A99 peptides were conjugated together to a chitosan matrix with a 1:9 molar ratio, the mixed-peptide chitosan matrix promoted strong cell attachment via the synergistic cooperation of both syndecan and integrin αvβ3. The mixed peptide-chitosan approach has potential as a multifunctional biomaterial for mimicking the diverse active ECM molecules.
In this paper, we focus on the cell-adhesive laminin-derived peptide conjugated chitosan matrix to mimic the multi-biological functions of BM. We mixed different biologically-active laminin peptides and conjugated the mixtures to a chitosan matrix to optimize the biological activities of the chitosan matrix. The mixed peptide-chitosan matrix significantly enhanced the biological activities via the synergy of these different cell surface receptors. These studies suggest that peptide-conjugated chitosan matrices are an ideal biomaterial to develop artificial BMs for therapeutic applications and are useful tools to evaluate cell-ECM interactions.
Cell-Adhesive Peptides from Laminin
Laminins are multi-functional BM proteins that contribute to the various biological activities and specificities of the BMs. To identify biologically-active sequences in the laminins, we have systematically screened cell-adhesive sequences using numerous synthetic peptides covering the entire protein sequence. The active peptides identified in the screening of laminin-111 are shown in Figure 2 . Peptides were designed generally as 12 amino acids in length, and each peptide overlapped with neighboring peptides by four amino acids. Cysteine residues were omitted. All peptides were manually synthesized by the Fmoc (9-fluorenylmethoxycarbonyl) strategy with a C-terminal amide form and purified by HPLC (high performance liquid chromatography). For screening of cell attachment activity, peptide-coated plastic plates and peptide-conjugated Sepharose beads were prepared. The peptide-plate method analyzes the cell attachment activity quantitatively, but the conformation and coating efficiency of the peptides are variable. The peptide-bead method is lacking in quantitative capability, but the conformation and binding efficiency of the peptides are constant. Using these two methods, the cell attachment activity of the peptides is assessed properly. The cell-adhesive peptides were analyzed in detail, and the functional sites of the laminins were identified. So far, more than 100 active peptides have been identified by screening over 2000 peptides from all of the laminin chains. These active peptides were found to interact with cell surface receptors, such as integrins, syndecans, α-dystroglycan and CD44, and to promote various biological activities (Table 1) . Screening of cell-adhesive peptides from laminin-111. Peptides were generally 12 amino acids in length and overlapped with neighboring peptides by four amino acids. Cysteine residues were omitted. All peptides were manually synthesized by the Fmoc strategy with a C-terminal form and were purified by HPLC. For screening of cell attachment activity, peptide-coated plastic plates and peptide-conjugated Sepharose beads were used. Major cell-adhesive peptides are listed on the right side. (Adapted with permission from [57] , copyright 2011 Wiley).
For example, peptide AG73 (RKRLQVQLSIRT, mouse laminin α1 chain) promoted strong cell attachment, neurite outgrowth, salivary gland acini-like differentiation and angiogenesis [24, 32, 33, 68] . Peptide A99 (AGTFALRGDGNPQ, mouse laminin α1 chain) promoted cell attachment and cell spreading [33] . Peptide A2G80 (VQLRNGFPYFSY, mouse laminin α2 chain) is α-dystroglycan-binding site in the laminin α2 chain LG4-5 module [29] . Peptide A3G756 (KNSFMALYLSKGRLVFALG, human laminin α3 chain) binds to syndecans and promotes wound healing in vivo [22] . Peptide A5G27 (RLVSYNGIIFFLK, mouse laminin α5 chain) binds to the CD44 receptor on B16-F10 melanoma cells and, thus, inhibits tumor cell migration, invasion and angiogenesis in a dominant-negative manner [67, 69] . Here, we used these unique active laminin-derived peptides as both adhesion agents and functional regulators for multifunctional cell scaffolds, which we term artificial BMs. These peptide-chitosan complexes have potential application in tissue engineering as artificial BMs.
Preparation of Peptide-Chitosan Matrices
Cells cannot adhere to chitosan in serum-free condition. Therefore, the laminin active peptides were conjugated to chitosan to provide the specific and cell surface receptor-mediated cell attachment activities to the chitosan matrix (Figure 3 ) [53, 57] . Chitosan (chitosan 10, deacetylation rate: min. 80.0 mol/mol%, Wako Pure Chemical, Osaka, Japan) was dissolved in DMF (N,N-dimethylformamide) solution (2% aqueous AcOH-DMF 3:1, v/v) and reacted with N-(m-maleimidebenzoyloxy) succinimide (MBS). As a result, maleimidebenzoyloxy (MB)-chitosan was obtained, and the substitution ratio of the MB groups to the chitosan is about 1%-1.2%/sugar unit. MB-chitosan in 4% AcOH solution was added to the plates and dried for 2 days to coat the plates, and then, the plates were treated with 1% NaHCO3 solution to fix the chitosan. For conjugation of the peptides to MB-chitosan, we synthesized CGG-peptides. Cysteine (C) residue at the N-terminus was covalently bound to the MB group via a mercapto group. Two glycine (G) residues were used as a spacer between the cysteine and the active peptide sequence. Almost a 10-to 100-times excess amount of CGG-peptide (against MB groups in chitosan) solution in 0.1% TFA (Trifluoroacetic acid) was added to the MB-chitosan matrix-coated plates, and an equal volume of 1% NaHCO3 solution was added to neutralize and promote peptide conjugation. The peptide-chitosan matrix was washed with PBS (Phosphate bufferd saline) 2 times and then with 0.1% BSA (Bovine serum albumin) containing DMEM (Dulbecco's modified essential medium) 2 times. After washing, the peptide-chitosan matrices were blocked with 1% BSA in DMEM for 1 h and assessed for their biological activities using various cell lines and assays.
Biological Functions of Peptide-Polysaccharide Complexes
The cellular activities on these peptide-chitosan matrices were analyzed. In cell attachment assays under serum-free conditions, we found that chitosan with the conjugated active peptides enhanced cell attachment activity. The number of attached cells on the complexes depended on the amount of the reacted peptides and was higher than that on the peptide-coated plastic substrates [53, 68] . These results suggest that the chitosan matrix is a compatible scaffold for the cells and that the peptides conjugated to the matrices have an active conformation. Furthermore, the peptide-chitosan matrices promoted neurite outgrowth of rat pheochromocytoma PC12 cells, suggesting that the complexes can also regulate cell differentiation, similar to the activity of the intact BM. Additionally, the cells showed different morphologies on each peptide (Figure 4 ). Human dermal fibroblasts (HDFs) strongly spread on both A99a (a minimum sequence of A99, ALRGDN) and EF1zz (a modified peptide of EF-1, ATLQLQEGRLHFXFDLGKGR, X: Nle (Norleucine), mouse laminin α1 chain, binds to integrin α2β1)-chitosan matrix, with typical fibroblast-type actin stress fibers, whereas the AG73-chitosan matrix induced the formation of actin filament spikes associated with membrane ruffles [25, 54] . Because cellular behavior occurs via the interaction between the adhesion factor and the cell surface receptors, these cell morphological differences are due to specific peptide binding to the receptors. In the peptide-chitosan matrix, chitosan acts as a physical support, and the peptides bind to cells via cell surface receptors. The laminin-derived active peptide conjugated chitosan matrices can control receptor-type-specific functions and are useful in tissue engineering. Cell morphology on peptide-chitosan matrices. CGG-A99a, CGG-AG73 and CGG-EF1zz were coupled to the MB-chitosan matrices (2 nmol/well) in 96-well plates. Human dermal fibroblasts (HDFs) were allowed to attach to the peptide-chitosan matrices for 2 h, and then, actin (green), vinculin (red) and the nucleus (blue) were observed by specific immunostaining. Scale bar = 50 μm.
Mixed Peptide-Chitosan Matrices Mimic the Multifunctions of Laminins
Our research is aimed at the identification of the synergistic effects via different cell surface receptors and replication of BM molecular functions using mixed peptide-chitosan matrices. At first, we focused on the LG4 module at the C-terminus of the laminin α1 chain as a targeted multifunctional BM molecule and tried to mimic the full function using a mixed peptide-chitosan matrix approach [61] . The LG4 module interacts with both syndecan and integrin α2β1 via the AG73 and EF-1 sites, respectively, and strongly promotes cell attachment and spreading [25] . Thus, we covalently conjugated the AG73 and EF1zz peptides to a chitosan matrix with various ratios (molar ratio = 1:0, 9:1, 4:1, 1:1, 1:4, 1:9, 0:1) and compared their biological activities with that of the recombinant LG4 module protein (rec-LG4). The cell attachment activity and cell morphology depended on the ratios of the syndecan-and integrin α2β1-binding peptides on the chitosan matrix ( Figure 5 ). The AG73/EF1zz (molar ratio = 1:9)-chitosan matrix strongly promoted HDF attachment, spreading and neurite outgrowth, similar to that on the rec-LG4 protein. It is reported that cell adhesion to the ECM is promoted by synergistic signaling between syndecans and integrins [61, 70] . We found that the AG73/EF1zz (molar ratio = 1:9)-chitosan matrix contains an optimal peptide ratio for the synergistic effect of syndecan-and integrin α2β1-mediated cell attachment. These results suggest that the AG73/EF1zz-chitosan matrix interacts with both syndecans and α2β1 integrin and mimics the multifunctional activity of the LG4 protein. (A) CGG-AG73 and CGG-EF1zz peptides, both derived from the laminin α1 chain LG4 globular module, were mixed in various ratios and were coupled to the MB-chitosan matrices (2 nmol/well) in 96-well plates. HDFs were allowed to attach to the mixed peptide-chitosan matrices for 2 h. The attached HDFs in three randomly-selected fields (0.3 mm 2 ) were counted. Each value represents the mean ± SD of triplicate experiments; (B) HDFs were allowed to attach to either a rec-LG4 (3 mg/well of protein solution was incubated overnight)-coated plate or 2 nmol peptide-chitosan matrices for 2 h. Cell images were captured, and the area of the attached cells was measured. Each value represents the mean ± SD of triplicate experiments. The AG73/EF1zz (1:9)-chitosan matrix promoted the strongest cell attachment and most extensive cell spreading comparable with that of rec-LG4. * p < 0.05, ** p < 0.005. (Adapted with permission from [61] , copyright 2009 Elsevier). Next, we focused on laminin-111 and mimicked its multifunctional activity using multipeptide-chitosan matrices [60] . Previously, we identified sixty biologically-active peptides in the laminin-111 sequence by a systematic peptide screening. At first, we constructed sixty peptide-chitosan matrices using these active peptides. Twenty-nine peptide-chitosan matrices promoted various biological activities, including cell attachment, spreading and neurite outgrowth. The biological activities of the peptide-chitosan matrices depended on the peptide. We classified the twenty-nine biologically-active peptides into six categories that indicated different biological activities based on HDF attachment, cell surface receptors and PC12 (rat pheochromocytoma) neurite outgrowth activities (Table 2) . Five HDF-adhesive peptides, including A99a (Group 1), EF1zz (Group 2), C16 (Group 3, KAFDITYVRLKF, mouse laminin γ1 chain), C68 (Group 4, TSIKIRGTYSER, mouse laminin γ1 chain) and B31 (Group 5, TNLRIKFVKLHT, mouse laminin β1 chain), which showed the strongest activity in each category, were mixed in equal amounts and conjugated onto a chitosan matrix to evaluate their synergistic activity ( Figure 6 ). The multipeptide-chitosan matrix significantly accelerated HDF attachment and cell spreading over that observed with any individual peptide. These results suggest that the five peptides cooperate and promote synergistic activity. We also mixed four neurite outgrowth-active peptides from each group, including A99a (Group 1), C16 (Group 3), B31 (Group 5) and A112 (Group 6, VLIKGGRARKHV, mouse laminin α1 chain) and prepared a multipeptide-chitosan matrix for neurite outgrowth. The multipeptide-chitosan matrix showed stronger neurite outgrowth activity compared with that observed on each individual peptide-chitosan matrix. The neurites on each single peptide-chitosan matrix were relatively short, wide and curved. In contrast, neurites on the multipeptide-chitosan matrix and laminin-111 were long, thin and linear. These results suggest that a synergistic cooperation among the different cell surface receptors occurred on the multipeptide matrices and that the multipeptide-chitosan matrices represent laminin-like activity.
Since cell morphology, migration and stem cell differentiation are regulated by the rigidity of the scaffold, mechanosensing by the cells is important in cell-based tissue engineering. Optimization of the scaffold stiffness has been noted as one of the bioengineering parameters to regulate cellular functions. We determined whether the density of the chitosan scaffold altered the cellular response [54, 57] . When peptide A99a (binds to integrin αvβ3) was conjugated to chitosan matrices of varying density (1.5-1500 ng/mm 2 ), HDF adhesion was altered depending on the amount of chitosan (Figure 7 ). We found that 1.5-30 ng/mm 2 of the A99a-chitosan matrix effectively promoted HDF attachment, cell spreading with well-organized actin stress fibers, Tyr397 phosphorylation of FAK (focal adhesion kinase) and neurite outgrowth. In contrast, the AG73 (binds to syndecan)-chitosan matrix density (1.5-1500 ng/mm 2 ) promoted similar biological activities at all of the concentrations tested. These results suggest that cell adhesion is sensitive to the scaffold density and depends on the cell surface receptors. To improve the function of integrin-mediated biological activities on a large amount of scaffold (150-1500 ng/mm 2 ), we designed an A99a/AG73 mixed peptide-chitosan matrix [54] . The mixed peptide-chitosan matrix promoted the strongest biological activity at 150-1500 ng/mm 2 of chitosan matrix. We conclude that the A99a/AG73 mixed peptide-chitosan matrix effectively interacts with both integrins and syndecans, regardless of the amount and stiffness of the chitosan matrix. Figure 6 . Cell attachment and spreading activity of multipeptide-chitosan matrices mimicking laminin-111. CGG-A99a, CGG-EF1zz, CGG-C16, CGG-C68 and CGG-B31 (derived from laminin-111, 10 nmol/well), both individually and as a five-peptide mixture (mix; 10 nmol/well; 2 nmol each) of peptides, were coupled to the MB-chitosan matrices in 96-well plates. (A) HDFs were allowed to attach to the peptide and mixed peptide-chitosan matrices for 2 h. The attached cells in three randomly-selected fields were counted. Each value represents the mean ± SD of triplicate experiments. * p < 0.05, ** p < 0.005; (B) Cell areas on the various chitosan matrices were measured using ImageJ. The mixed-peptide-chitosan matrix promoted the most extensive cell spreading. (Adapted with permission from [60] , copyright 2012 Elsevier). Table 2 . Twenty nine peptide-chitosan membranes could be divided into six categories depending on their biological activities. The receptor-specific peptides have various advantages and are a powerful tool for evaluating the mechanism of the multi-receptor interactions, including cell-ECM interactions. Based on these results, we conclude that the mixed peptide-chitosan matrix using different receptor-binding peptides can elicit simultaneous cellular interactions and could reproduce the BM molecular functions. We believe that this approach is a useful strategy to mimic the BM.
Application of Peptide-Chitosan Matrices to Cell Transplantation
Cell transplantation is a medical procedure that can be an application for tissue engineering. We examined whether peptide-chitosan matrices are a suitable scaffold material for cell-transplantation to wounded tissue in vivo (Figure 8 ) [62, 71] . We seeded human keratinocyte onto AG73-chitosan matrices and found that nearly 80% of the cells were attached to the matrices within 2 h. The matrix with keratinocyte was then inverted onto the muscular fascia (an artificial "wound bed") exposed on the back of a nude mouse, and the skin flap was sutured to protect the graft. A silicon mesh was inserted between the matrix and the skin flap to prevent the growth of host keratinocytes into the wound bed. After three days, the human keratinocytes had migrated from the chitosan matrix and established a stratified epidermis-like structure on the mouse fascia. Further, the transplanted cells expressed various keratinocyte markers, including cytekeratin-1, involucrin and laminin γ2 chain, suggesting that the transplanted cells were undergoing cytodifferentiation resembling the epidermis.
The peptide-chitosan matrix is easy to handle. Therefore, the peptide-chitosan matrix system is an alternative and potentially powerful tool for keratinocyte delivery to the wound bed. In conclusion, the peptide-chitosan matrices may be a new and broadly applicable tool for cell transplantation to damaged tissues. Figure 8 . Schematic representation of keratinocyte transplantation using an AG73-chitosan matrix. Keratinocytes were seeded onto an AG73-chitosan matrix and cultured for 2 h. The cell sheet with keratinocytes was then inverted onto the muscular fascia (an artificial "wound bed") exposed on the back of nude mice, and the skin flap was sutured (asterisk) to protect the graft. A silicon sheet was inserted between the cell sheet and the skin flap to prevent the growth of host keratinocytes into the wound bed. After three days, the expression of various keratinocyte markers, including involucrin, cytokeratin and laminin-γ2, was observed in the cell sheet. Scale bars = 50 mm. (Adapted with permission from [62] , copyright 2006 Wiley).
Summary and Outlook
In summary, the peptide-conjugated chitosan matrices specifically interact with cellular receptors and promote various biological activities, including cell attachment, spreading and neurite outgrowth. The mixed peptide-chitosan matrix approach using receptor-specific peptides can reproduce the multi-receptor interactions and enhance the biological activities with their synergistic effects. Further, the peptide-chitosan matrices can be used as a biomaterial for both cell transplantation and tissue engineering. The peptide-chitosan matrices have potential for use as an artificial BM.
